A series of highly ordered c-plane InGaN/GaN elliptic nanorod (NR) arrays were fabricated by our developed soft UV-curing nanoimprint lithography on a wafer. The photoluminescence (PL) integral intensities of NR samples show a remarkable enhancement by a factor of up to two orders of magnitude compared with their corresponding as-grown samples at room temperature. The radiative recombination in NR samples is found to be greatly enhanced due to not only the suppressed non-radiative recombination but also the strain relaxation and optical waveguide effects. It is demonstrated that elliptic NR arrays improve the light extraction greatly and have polarized emission, both of which possibly result from the broken structure symmetry. Green NR light-emitting diodes have been finally realized, with good current-voltage performance and uniform luminescence.
Introduction
An increasing amount of attention has recently been paid to GaN-based light-emitting diodes (LEDs) in the fields of solidstate lighting, signaling and large displays, as they are expected to take the place of traditional illumination sources with lower energy consumption, longer lifetime and higher efficiency [1, 2] . However, as the standard planar InGaN/ GaN multiple quantum wells (MQWs) are grown on c-plane sapphire substrates, they suffer from strain-induced polarization fields, which generate the quantum confined Stark effect (QCSE), thus leading to degradation in optical performance [3] [4] [5] . As a result, varieties of methods have been proposed to improve the internal quantum efficiency (IQE) of GaN-based LEDs, for instance, growth of nonpolar or semipolar InGaN/ GaN MQW structures to eliminate or minimize the polarization field [6] [7] [8] , introduction of nanocavity structures to form resonant modes [9] [10] [11] and fabrication or growth of InGaN/GaN MQW nanostructures [12] [13] [14] [15] [16] [17] [18] . In addition, the light extraction efficiency (LEE) is also limited due to interface total reflection between GaN/air, which is hindering the further development of the light output power [19] . In order to overcome this problem, a number of novel structures have been introduced to enhance photon scattering, for example, surface roughing to decrease interface total reflection [20] , fabrication of photonic crystals (PhCs) to guide light extraction [21] [22] [23] [24] [25] [26] and adoption of metal mirrors or distributed Bragg reflectors [27, 28] to enhance the reflection of back surfaces. Taking both points into consideration, fabrication of highly ordered InGaN/GaN MQW nanorod (NR) arrays may be the most effective way to massively reduce the straininduced polarization field and suppress the total internal reflection to enhance the excitonic radiative recombination and the irregular scattering of photons.
Top-down approaches have been regarded as one of the most popular methods for fabricating InGaN/GaN NRs due to their simplicity, uniformity, size controllability and low costs [29] [30] [31] . So far, a number of top-down technologies have been reported for the fabrication of III-V semiconductor NR arrays, for example, a self-organized nickel mask [32] , nanospheres [9, 13, 24] , diblock copolymer lithography [33] , nanoimprint lithography (NIL) [23, 34] and e-beam lithography [35, 36] . In order to satisfy mass production and save time costs, it is very urgent to develop a wafer-scale nanostructure fabrication technology. NIL is regarded as one of the most promising methods, since it has the advantages of good reproducibility, size controllability, high throughout and cost efficiency. However, it is still very difficult to fabricate waferscale InGaN/GaN NR arrays with good uniformity and low density of defects by NIL due to the poor flatness of InGaN/ GaN epi-wafers. Very recently, we have developed a soft UVcuring NIL technology to fabricate ordered GaN NRs and nano-gratings, exploring the optical properties under different strained situations [37] .
In this work, we have further developed a soft UV-curing NIL and innovated to overcome the poor flatness of InGaN/ GaN epi-wafers. A much thicker PMMA layer was spincoated directly on the InGaN/GaN epi-wafers, not only serving as a transferred layer but also minimizing the roughness of the wafer surface. Combining a post-growth etching technology, we have successfully fabricated a series of highly ordered elliptic NR arrays on InGaN/GaN MQW epi-wafers with emission wavelengths ranging from violet to green. A significant enhancement in optical performance has been observed for all InGaN/GaN MQW elliptic NR arrays, especially for green samples with an enhancement factor up to two orders of magnitude. Then, detailed time-resolved photoluminescence (TRPL) measurements from 4 K to 300 K were carried out to explore carrier recombination processes in elliptic NR arrays. It is discovered that the non-radiative recombination can be largely suppressed as many nonradiative recombination centers (NRCs) have been effectively removed in elliptic NR arrays. Meanwhile, due to strain relaxation and optical waveguide effects, the radiative recombination in NR samples can be significantly enhanced compared to their corresponding as-grown samples. The cathodoluminescence (CL) mappings and angle-resolved photoluminescence (ARPL) have demonstrated that the elliptic NR arrays show a great improvement in light extraction, which is in good agreement with the results from finite-difference time-domain (FDTD) simulations. The polarized PL emission of elliptic NR arrays has also been investigated, indicating a difference from the circular NR arrays, which possibly derives from the broken structure symmetry. Finally, green NR LEDs have been successfully demonstrated, revealing a good current-voltage performance and uniform luminescence.
Experimental details
The highly ordered NR arrays were fabricated from InGaN/ GaN MQW epitaxial wafers grown by metal organic chemical vapor deposition (MOCVD) on c-plane patterned sapphire substrates [38] , which are also defined as the as-grown films. The epitaxy comprised a 2 μm un-doped GaN buffer, a 3 μm n-type GaN layer and 15 periods of InGaN/GaN MQWs where well and barrier thickness are approximately 3 nm and 12 nm respectively, followed by a 50 nm p-type AlGaN layer, and finally a 500 nm thick p-type GaN. The indium compositions x are 0.17 (violet), 0.20 (blue) and 0.28 (green), respectively. A soft UV-curing NIL and a post-growth etching approach have been employed to fabricate the InGaN/ GaN NR arrays. The detailed fabrication schematic has been depicted in figures 1(a)-(f). Firstly, a layer of 450 nm thick PMMA and a layer of 80 nm thick UV curable resist were directly spin-coated on the InGaN/GaN epi-wafer in turn ( figure 1(b) ). Then, a soft UV-curing NIL was carried out to fabricate ordered elliptic nanoholes on the UV curable resist (figure 1(c)), followed by reactive ion etching (RIE) processes (figure 1(d)) and physical vapor deposition (PVD) to transfer nanostructures to nickel NRs (figure 1(e)). Finally, InGaN/ GaN NRs were fabricated by an inductively coupled plasma (ICP) process using nickel NR masks (figure 1(f)). It is worth mentioning that the NR surfaces will generate many surface states by the dry-etching process used, which can trap carriers to non-radiative recombination and suppress the luminescence of InGaN/GaN MQWs. In order to remove these surface states, all the NR samples have undergone a careful chemical treatment using KOH and dilute acid solution [23, 32] .
To fabricate the devices, the space layer, spin-on-glass (SOG), was utilized to prevent the p-type GaN from shorting to the n-type and meanwhile to passivate the nanorod sidewalls. The SOG was spin-coated on the NR samples, followed by baking at 130°C for 90 s and annealing at 350°C for 20 min. Then, an appropriate etch-back process was carried out to expose the p-type GaN layer for the subsequent deposition of a 150 nm thick indium tin oxide (ITO) as a current spreading layer, with annealing at 500°C in air for 5 min to form p-type ohmic contacts. The mesa-etching process was done as usual to fabricate planar LEDs for the exposure of the n-type GaN layer. Finally, the n-and p-type contact pads composed of Cr(50 nm)/Au(200 nm) were evaporated. All the devices are fabricated in a typical size of 300×300 μm 2 , together with the corresponding planar LEDs fabricated in the same size as the control devices.
The morphology of InGaN/GaN NR arrays were observed by a JEOL JSM 7000F field emission scanning electron microscope (SEM). CL mappings were employed by a Gatan MonoCL system installed on the SEM. All the samples were excited at 405 nm by a picosecond laser (LDH series, Pico Quant) with the spot diameter around 30 μm. The TRPL measurements in this work were performed on a time correlated single photon counting (TCSPC) system with a time resolution of 250 ps. The x-ray reciprocal space mapping (RSM) measurements were carried out using a PANalytical X'Pert Pro MRD machine. Meanwhile, an FDTD solution simulation software was adopted to simulate the electromagnetic field distributions and light extraction conditions for the periodic elliptic NR structures in theory. Electrical pumping of the devices was implemented by forward biasing the p-i-n junctions of NRs with a Keithley 2601 semiconductor parameter analyzer. The light output power (LOP) of both NR and planar LEDs were characterized with an integrating sphere measurement. figure 1 (h), it is observed that these NR arrays are in a hexagonal lattice and the lattice constant is 530 nm. It also exhibits that these NRs are elliptic cylinders with a length of 275 nm in the major axis and 200 nm in the minor axis, as they are designed. As shown in figure 1(i), green InGaN/GaN MQW NR arrays have a uniform cylindrical shape with straight and smooth sidewalls owing to our technique. And the height of these elliptic cylinders is around 1.4 μm. As a result, it can be concluded that, utilizing the soft UV-curing NIL technology, NR arrays have been successfully fabricated on 2 inch InGaN/GaN epi-wafers with high periodicity and good morphology.
Results and discussion
The optical properties of periodic InGaN/GaN NR arrays were investigated by PL and CL measurements. Figure 2 comparatively exhibits the time-integrated photoluminescence (TIPL) and CL spectra of violet, blue and green InGaN/GaN MQW elliptic NR arrays as well as their corresponding as-grown samples, all of which were measured at room temperature (RT). A clear blue shift has been observed for all three NR structures compared to their corresponding as-grown samples in both TIPL and CL spectra due to strain relaxation in each case. It is worth highlighting that the TIPL integral intensities have been enhanced by a factor of 14, 17 and 167 at the excitation power density of 1 W cm -2 , as a result of period NR structures. The inset images of figure 2(b) are CL mappings at the peak positions of the corresponding CL spectra when the acceleration voltage is 8 kV, showing the relations between luminescence and morphology of NRs. From these CL mappings, it can be witnessed that all the strong luminescence areas are the sidewalls of violet, blue and green NRs, which leads to the conclusion that the light emitted from InGaN/GaN MQWs can be well extracted from the sidewalls in addition to the top surface. [39, 40] , a fully strained line (red line) and a fully relaxed line (yellow line) have been drawn in figures 2(c) and (d), standing for the fully strained or fully relaxed condition. If the reciprocal lattice points (RLPs) of the satellite peak from the MQWs fall on the fully strained line or the fully relaxed line, it can be concluded that the MQWs are under full strain or complete relaxation. And if the RLPs fall on the line between them, it means that the MQWs are partially relaxed. In this case, the degree of strain relaxation can be accurately determined from the 0thorder RLP [41] . As a result, for the planar sample, all the RLPs of the InGaN/GaN MQW satellite peaks fall on the fully strained line, which clearly indicates that the planar MQWs are under a fully strained condition with respect to the GaN buffer layer. However, for the elliptic NR sample, those RLPs of the MQW satellite peaks show clear shifts from the GaN buffer layer, which means that the elliptic NR MQWs are partially relaxed, with 69.8% strain relaxation. In addition, it is worth mentioning that the strain of the violet and blue NR arrays is nearly fully relaxed, which is due to the smaller lattice mismatch between In x Ga 1−x N wells and GaN barriers. But the strain relaxation in green NR arrays is higher because a larger strain exists in as-grown green MQWs due to the higher indium composition [41] . The larger strain relaxation results in stronger suppression of QCSE. Therefore, the PL enhancement factor for green NR arrays is the most pronounced compared to violet and blue NR arrays, as shown figure 2(a).
For InGaN/GaN MQWs, the electron and hole wave functions are spatially separated due to the QCSE, which leads to the reduction of IQE [3] . However, the InGaN/GaN MQWs embedded in NRs are partially relaxed as shown in the RSMs discussed above, resulting in the partial elimination of QCSE. Therefore, the radiative recombination of violet, blue and green NR structures can have a great enhancement compared to their corresponding as-grown samples. In order to investigate the exitonic recombination dynamics mechanism, the RT TRPL measurements have first been performed on all samples under a very low excitation power density regime (∼1 W cm -2 ) in order to avoid any many-body effects [42] . Figure 3(a) shows the decay curves of all the NR samples and their corresponding as-grown samples for comparison at RT. In each case, the decay lifetimes of the NR samples are much longer than those of their corresponding asgrown samples. A standard two exponential component model is used to study the decay dynamics [43] , and thus, TRPL curves can be described by
where A 1 and A 2 are constants and τ 1 and τ 2 are the fast and slow decay lifetimes of the two exponential components, respectively. As the TRPL measurements were carried out under a very low excitation power density (∼1 W cm -2 ), the fast decay lifetime can be taken as the excitonic recombination lifetime τ PL of MQWs, which mainly depends on the radiative and non-radiative recombination processes. The fitting results are also plotted in red lines in figure 3(a) . The excitonic recombination lifetimes of the violet, blue and green NR samples are 6.18, 15.10 and 25.35 nanoseconds (ns), while those of their corresponding as-grown samples are 4.30, 5.94 and 2.95 ns, respectively, much shorter than those of their relative NR samples. Since a large number of NRCs such as crystal defects exist in the InGaN/GaN MQW structures, the non-radiative recombination process dominates the excitonic recombination mechanism of a standard planar InGaN/GaN MQW structure at RT [44] . Therefore, these TRPL traces have demonstrated that the non-radiative recombination process has been greatly suppressed in NR samples as a result of removing most of the NRCs in asgrown films and surface states [45] generated by the dryetching process.
On the other hand, it can be estimated that more carriers will undergo the radiative recombination process instead of being captured by NRCs, which will definitely strengthen the radiative recombination as well. Figures 3(b) and (c) show the temperature dependence of the TRPL traces of green NR structures and their corresponding as-grown film from 4 K to 300 K. By using equation (1), the excitonic recombination lifetimes as a function of temperature are extracted and plotted in figure 3(d) . It is observed that although both NR and planar samples exhibit a similar behavior as temperature goes up, the excitonic recombination lifetimes of the NR sample have less dependence on the temperature compared to that of its as-grown sample due to less NRCs and extra inplane excitonic confinement [44] . In addition, there is a transition point located at the temperature 120 K, which is named the transition temperature. It can be clearly witnessed that below the transition temperature (i.e. at low temperature), the excitonic recombination lifetimes of the NR sample are shorter than that of the as-grown sample, while above the transition temperature (i.e. at high temperature), they become longer.
To explore the radiative and non-radiative recombination dynamics as a function of temperature, we have obtained both radiative and non-radiative recombination lifetimes from the following equation [44] :
where η int is the internal quantum efficiency and typically calculated from the temperature dependence of TIPL. Figures 3(e) and (f) show the radiative and non-radiative recombination lifetimes for the green as-grown and corresponding NR samples as a function of temperature. It can be observed that the radiative recombination dominates the excitonic recombination mechanism instead of the nonradiative recombination since the NRCs can be mostly frozen at low temperature. As a consequence, the shorter excitonic recombination lifetimes of the green NR sample at low temperature mean that the radiative recombination has been greatly enhanced in NR arrays. However, when the temperature goes above the transition temperature (i.e. at high temperature), the non-radiative recombination becomes dominated due to the thermal activation of NRCs. Therefore, the longer excitonic recombination lifetimes of the green NR sample shown in figure 3(d) reveal that the non-radiative recombination has been effectively suppressed in NR arrays, which also gives a reasonable standpoint on the TIPL integral intensity enhancement of NR structures. Meanwhile, we performed ARPL measurements at RT to further investigate the influence of the elliptic NR arrays on the light extraction behaviors . Figures 4(a) and (b) show the emission patterns of the green as-grown InGaN/GaN MQW sample and its corresponding elliptic NR arrays, respectively. From the figure, it can be seen that both samples have a relatively uniform PL intensity distribution across the whole angle range. The distributed angles range from 65°to 115°for the as-grown sample and from 40°to 140°for its relative elliptic NR arrays, twice that of the as-grown sample. In addition, the angular distributions of normalized PL integral intensities of these two samples have been plotted in the polar coordinates, as shown in figure 4(c) . For the as-grown sample, the pattern is very similar to the Lambertian source as it is just the plane without any structures [2] . While for the NR arrays, it is observed that the pattern is highly non-Lambertian, with a broad emission from 60°to 120°in the free space. This definitely demonstrates that the NR arrays have a strong effect on the light emission and much more light can be extracted through NR arrays in spatial azimuthal angles. This possibly leads to the TIPL integral intensity enhancement of NR structures, on the other hand.
Furthermore, the FDTD method is adopted to simulate the electromagnetic energy and field distributions in InGaN/ GaN MQW NRs to theoretically explore the emission and extraction mechanisms. The adopted parameters of elliptic NRs are supposed to be the same with the fabrication shown in figure 1 . At the beginning, in order to simplify our discussion, only one single elliptic NR is taken into consideration. Figure 4(d) shows the electromagnetic energy distribution at the emission wavelength of the green NR. The MQW location is labeled as the black lines. This simulated result demonstrates that some part of the electromagnetic energy density is concentrated at the location of MQWs in the elliptic NR due to the reflection from the top interface, which results in the enhancement of the radiative recombination emission at these places. Figure 4 (e) exhibits a typical magnetic field component H distribution at the MQW emission wavelength of the green NR structures as an example. It can be noted that the elliptic NR is able to act as an optical waveguide along the z axis, supporting at least one guided mode. Thus the radiative recombination emission can be coupled to these guided modes and can be well directed to extract from the elliptic NR [46] , leading to a higher LEE.
Having understood the emission and extraction mechanisms, the periodic arrays are taken into consideration instead of a single NR by the FDTD method to further evaluate the light extraction of our InGaN/GaN MQW elliptic NR arrays. Seven periods of elliptic NR arrays are simulated in this case with perfectly matched layer (PML) absorbing boundary conditions. The sources are set to be a series of dipoles with three different polarizations to simulate the emission of natural light. The simulated wavelength is set to be from 400 nm to 600 nm with a step of 10 nm besides the emission wavelengths of the violet, blue and green InGaN/GaN MQW NR samples. Meanwhile, the circular NR arrays with a diameter of 275 nm are also simulated in the same way for comparison. These circular NR arrays are also in a hexagonal lattice, with the lattice constant of 530 nm and the height of 1.4 μm, the same as elliptic NR arrays. Figure 4 (f) shows the light extraction enhancement of the elliptic and circular NR arrays compared to the planar structure. The violet, blue and green stars represent the simulated enhancement of the emission wavelengths corresponding to the violet, blue and green elliptic NR arrays, respectively. From this figure, it can be noted that the elliptic NR arrays have a significant light extraction enhancement for all emission wavelengths including the emission wavelength of three NR samples, which agrees well with the results from ARPL. In addition, compared to the circular NR arrays, the elliptic NR arrays even have a higher enhancement over the range of 400-510 nm, though the elliptic shape has not been optimized yet, revealing the advantages of this broken structure symmetry.
In addition, the polarized PL is measured for all elliptic NR samples at RT. Figure 5 shows the dependence of normalized PL integral intensity on the polarizer angle for violet, blue and green NR samples, respectively. The absolute values of polarizer angle, starting from 0°to 360°, have no physical meaning here. The normalized PL integral intensity of all elliptic NR samples reveal the normal 'W' shape as a function of the polarizer angle, indicating that the emission from elliptic NR samples has polarization dissimilar to the conventional circular NR arrays. In order to evaluate the polarization degree, the polarization ratio is defined as the following equation:
where I max and I min are the maximum and minimum PL integral intensity. As a result, it can be calculated as 13%, 10% and 14% for violet, blue and green elliptic NR arrays, respectively. This is a novel phenomenon for c-plane elliptic NR arrays, mainly owing to the broken structure symmetry. Finally, with SOG filling in the NR gaps and ITO serving as the transparent current spreading layer, green NR LEDs have been demonstrated successfully at a typical size of 300×300 μm 2 , together with the corresponding planar LEDs in the same size as the control devices. Figure 5(a) shows the current-voltage characteristics of both NR and planar LEDs measured at RT, revealing a sharp turn-on voltage at 3.09 V and 2.92 V in the forward bias for NR and planar LEDs, respectively. The additional series resistance introduced by fabricating the NRs was 2.5 Ω at the injection current of 20 mA. It can been noted that the green NR LED has good current spreading and uniform luminescence at the injection current of 1 mA, as shown in the inset image of figure 6(a) .
In addition, the electroluminescence (EL) spectra of the green NR and planar LEDs at the injection current of 20 mA were measured, as shown in figure 6(b) . It clearly indicates a blue shift of the peak position for the green LED compared to the planar one, in good accord with the PL results. Moreover, the EL spectra at the injection current ranging from 1 mA to 80 mA were also obtained (not shown here), and the peak positions are extracted and plotted in figure 6(c). It can been found that the emission of the green NR LED is more stable and shows an obvious blue shift compared to the planar LED, demonstrating the reduction of QCSE mentioned above. Figures 5(d) and (e) compare the light output power (LOP) and LOP per unit emissive area of the green NR and planar LEDs as a function of injection current. Due to higher injection current density and less emissive area of green NR LEDs, the absolute LOP is lower than that of the planar ones. However, for the LOP per unit emissive area, it shows a slight enhancement for the green NR LED at the injection current below 20 mA. But when the injection current goes above 20 mA, the LOP per unit emissive area of the green NR LED becomes lower than that of the corresponding planar LED. This is possibly attributed to the greater heat effects for the green NR LED as the injection current density of the NR LED is more than five times higher. In addition, the large current leakage and imperfect contacts between ITO and p-type GaN might also be the causes [23, 30] , where there is still a plenty of scope for further improvement through optimization of device processing in the future.
Conclusion
In summary, a novel soft UV-curing NIL has been developed to overcome the poor flatness of InGaN/GaN epi-wafers, and has been used to fabricate highly ordered elliptic NR arrays on violet, blue and green InGaN/GaN MQW epi-wafers. A significantly enhanced performance in the optical properties of elliptic NR arrays compared to those of as-grown samples has been demonstrated, mainly due to the improved excitonic recombination and light extraction. In addition, resulting from the broken structure symmetry, it is found that elliptic NR arrays have a polarized emission with a degree of 10-14%. Finally, the green NR LEDs have also been demonstrated, with good current-voltage performance and uniform luminescence. Thus, there is potential for this approach to be applied to mass production of photonic devices based on NR arrays in the future.
